Climate change has brought severe challenges to agriculture. It is anticipated that there will be a drop in crop yieldincluding that of soybean -due to climatic stress factors that include drastic fluctuations in temperature, drought, flooding and high salinity. Genomic information on soybean has been accumulating rapidly since initial publication of its reference genome, providing a valuable tool for the improvement of cultivated soybean. Not only are many molecular markers that are associated with important quantitative trait loci now identified, but we also have a more detailed picture of the genomic variations among soybean germplasms, enabling us to utilize these as tools to assist crop breeding. In this review, we will summarize and discuss the currently available soybean genomic approaches, including whole-genome sequencing, sequencing-based genotyping, functional genomics, proteomics, and epigenomics. The information uncovered through these techniques will help further pinpoint important gene candidates and genomic loci associated with adaptive traits, as well as achieving a better understanding of how soybeans cope with the changing climate.
Introduction
Soybean is cultivated mainly at latitudes 20-50° N and 10-40° S (Leff et al., 2004) . The wide distribution of its cultivation suggests that soybean is highly adaptable towards different environments and climates. However, that degree of adaptability may not be enough under the influence of climate change. In general, soybean can survive in a wide range of temperatures: from 10 to 40 °C, depending on genotype. However, extreme temperatures (below 12 °C or above 36 °C) can lead to reduced soybean germination (Tyagi and Tripathi, 1983) and the abolishment of pollen tube germination and elongation (Luo, 2011) , resulting in yield loss. At the same time, commonly used rhizobium strains are sensitive to both high and low temperatures, and thus extreme temperatures could affect nodule formation and nitrogen fixation (Lynch and Smith, 1993; Rahmani et al., 2009) . Climate change also leads to an observable and foreseeable increase in the chance of flooding (Muis et al., 2015) , a change in extreme precipitation patterns (Donat et al., 2016) , the intrusion of sea water into aquifers (Dasgupta et al., 2015) , a change in soil composition (Brevik, 2013) and also atmospheric composition such as the ozone concentration (Dentener et al., 2005) . All these can contribute to a reduction in soybean yield.
In 2015, the World Bank stated that climate change could lead to a 5% yield reduction from the current food production by 2030 and a 30% reduction by 2080 (Havlík et al., 2015) . Like that of other staple crops, soybean production potential was predicted to be supressed by climate change. A simulation model predicted that production would reduce by 10-20% in India due to global warming when CO 2 concentration doubled (Mall et al., 2004) . Another report also predicted that soybean production will reduce by at least 30% by 2099 because of climate change (Schlenker and Roberts, 2009) , although this prediction could be overstated according to other researchers (Meerburg et al., 2009) . A recent statistical model based on more than 18 years of soybean yield records from 12 states in the USA predicted that on average there will be a 2.4% yield reduction for every 1 °C rise in temperature (Mourtzinis et al., 2015) . Although an extension of the growing season due to global warming and the slight increase in carbon fertilization (Norby and Zak, 2011; ReyesFox et al., 2014) might boost the production of soybean to some degree, it could not completely mitigate the negative effects of climate change.
There is a demand for improved soybean adaptability to climate change. Wild soybeans may harbor a high diversity of adaptive traits against adverse environments. More in-depth research is needed to discover and make good use of these valuable genetic resources. The publishing of the reference genome in 2010 (Schmutz et al., 2010) has accelerated soybean research in various ways. Here in the subsequent sections, we will focus our discussions on genomic researches on the mechanisms by which soybean can adapt to abiotic stresses, which are increasingly exacerbated by climate change.
Current availability of soybean genomic information
A well-annotated reference genome can speed up subsequent analyses such as the detection of single nucleotide polymorphisms, copy number variation and structural variation among germplasms. It can also serve as the foundation for reference-based functional genomic analyses such as transcriptomic, proteomic, epigenomic and non-coding RNA analyses. Currently available soybean genomic information is given in Table 1 .
Thus the official release of the soybean cultivar Williams 82 reference genome in 2010 (Schmutz et al., 2010) has marked the new era of soybean research. Since then, the genome has been further refined. The second assembly of the reference genome was released in 2013. In this version, the predicted size of the soybean genome is 1.1 Gb and the assembled size was 978 Mb. There are altogether 56 044 gene models in this assembly.
On the basis of the reference genome mentioned above (Schmutz et al., 2010) , Lam et al. (2010) reported the resequencing of 14 cultivated and 17 wild soybean germplasms in the same year. It was the first definitive work using wholegenome sequencing to show that wild soybeans have higher genetic diversities than cultivated soybeans. This demonstrates that the wild soybean is an important genetic resource for crop improvement. In the same year, a Korean wild soybean IT182932 was re-sequenced to a high depth (52.07×) (Kim et al., 2010) . By mapping the reads onto the Williams 82 (Kim et al., 2010) 10 cultivated 5 wild
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Re-sequencing SRP045129 (Zhou et al., 2015) Enrei (cultivated) Reference-based assembly GCA_001269945.2 (Shimomura et al., 2015) genome along with the de novo assembly of unmapped reads, it was found that there was a 3.76% difference between the wild and cultivated soybean genomes, including large structural variations (Kim et al., 2010) . These de novo assembled scaffolds unique to wild soybean also acted as the framework for subsequent research on wild soybean. Furthermore, a resequencing of 302 soybean accessions identified 121 domestication-selective sweeps and 109 improvement-selective sweeps (Zhou et al., 2015) . Some of these sweeps were novel while some of them overlapped with and were narrower than previously known domestication-related QTL regions (Zhou et al., 2015) . This provided an important foundation for breeding and gene discovery and further demonstrated the robustness of reference-based re-sequencing. Nonetheless, a single cultivated soybean reference genome is inadequate, especially when a study involves wild soybean. As a result, a wild soybean draft genome was released in 2014 (Qi et al., 2014a) . In that study, the authors successfully identified the major salt tolerance gene in soybean by comparing the genomic sequences between the cultivated soybean reference genome and the wild soybean draft genome. After that, a pan-genome representing seven wild soybean accessions from distinct sources was constructed (Li et al., 2014d) . Approximately 80% of the pan-genome was indispensably shared among the seven accessions, while the remaining dispensable 20% could contain the essential elements for adaptive traits (Li et al., 2014d) . In addition, some other cultivated soybean genomes were built for specific purposes. For example, the genome of a Japanese cultivar Enrei was built through reference-based assembly (Shimomura et al., 2015) , aiming at facilitating the characterization of the soybean cultivar popularized in Japan.
Currently, a large-scale soybean genome project is underway in the USA (http://soybeangenomics.missouri.edu/ news/). The genome of the soybean cultivar Lee will be built as the reference genome representing the soybean accessions in the southern USA, complementing the reference genome of Williams 82 that better represents the soybean cultivars in the north of the country. In total, ten reference genomes for cultivated soybean and five for wild soybean will be built. Furthermore, more than 4000 soybean accessions from both public and private depositions in the USA will be resequenced. The big dataset generated by this project will eventually bring new insights to both soybean research and production.
Genome-wide studies of gene families
Due to the complexity of the soybean genome, the inefficiency of transformation and thus the generation and maintenance of mutants, the identification and study of genes in soybean are challenging. Assuming that homologous genes perform similar functions across species, studying the homologs of well-characterized genes from the model plant, Arabidopsis, is a common way to identify the adaptability-related genes in soybean. However, owing to whole-genome and segmental duplications (Schmutz et al., 2010) , most gene families in soybean have been much expanded compared to Arabidopsis. The diversifications among gene family members as a result of neofunctionalization and subfunctionalization after soybean genome duplication events have further complicated the study of these genes. As a result, the gene homologs between Arabidopsis and soybean do not always form a one-to-one orthologous relationship. A complete annotated soybean genome sequence is therefore needed to allow for ontology curation, blast search, hidden Markov model (HMM)-based search, and so on. Cataloguing the gene families and studying the functions of individual gene members within these families will help identify the candidates for crop improvement.
Since temperature changes are usually considered to be the most important factor affecting yield potential under the influence of climate change, here we have a few examples of heat stress-related gene families.
Heat shock proteins (Hsp) have been shown to confer stress tolerance (Wang et al., 2004) . Fifty-one Hsp20 (Lopes-Caitar et al., 2013) , 61 Hsp70 and 12 Hsp90 (Xu et al., 2013a) genes were identified from the soybean genome through simple BLASTP search, HMMs profile-BLASTP search and keyword curation. The number of genes in these three Hsp families is much higher in soybean, compared to just 19 Hsp20, 18 Hsp70 and 7 Hsp90 genes in Arabidopsis (Krishna and Gloor, 2001; Lin et al., 2001; Waters et al., 2008) and 23 Hsp20, 32 Hsp70 and 8 Hsp90 genes in rice (Sarkar et al., 2009 (Sarkar et al., , 2013 Zhang et al., 2013) . Although heat shock proteins have been shown to play important roles under heat stress (Fragkostefanakis et al., 2015) , expression data have suggested that they are probably also involved in the response mechanisms for other stresses. At least 40 of the soybean Hsp20 genes were induced upon heat stress while five of them were also responsive toward cold stress (four up-regulated and one down-regulated) (Lopes-Caitar et al., 2013) . It is interesting that some of the Hsp20 genes were also responsive to biotic stresses (Lopes-Caitar et al., 2013) . On the other hand, 29 soybean Hsp70 genes were up-regulated by both short-term heat and drought treatments while 27 of the remaining were down-regulated under the same conditions . Furthermore, it is interesting that all 12 of the soybean Hsp90 were highly induced by heat stress, osmotic stress and salinity, and slightly up-regulated under cold stress (Xu et al., 2013a) . Four out of five soybean Hsp90 genes could enhance the germination rate under heat stress, osmotic stress and salinity when ectopically expressed in Arabidopsis under a 35S promoter. However, the ectopic expression of these same genes impaired the growth of the transgenic plants such that they perform no better than the wild type control under these stresses in most of the parameters measured except pod setting percentage, chlorophyll content and proline content (Xu et al., 2013a) . Such observations suggest that low-level expressions of these Hsp genes could be beneficial to plant growth under normal conditions while a rapid induction of these genes are essential for the plant to survive under stress.
Heat shock transcription factors (Hsf) regulate gene expression by binding to the heat shock element of target gene promoters upon heat stress (Scharf et al., 2012 ).
Thirty-eight Hsf genes were found in soybean through a genome-wide BLASTP search (Li et al., 2014b) . Among 19 Hsf genes tested, 14 and 13 were induced by drought and heat stress, respectively (Li et al., 2014b) . The ectopic expression of GmHsf-34, which was found to be highly upregulated by both drought and heat stress, could alleviate the osmotic and heat stress symptoms in the transgenic Arabidopsis (Li et al., 2014b) .
These examples all illustrate the complex interplay among the genes and gene families involved in abiotic stress adaptations and their effects on growth. This demonstrates that a genome-wide curation of gene family members could yield a clearer overall picture and lead to a more rapid discovery of functional genes that confer stress tolerance.
Impact of sequencing-based genotyping
In the past few decades, efforts have been made to identify the loci involved in the adaptabilities of soybean. Such indepth studies can help produce soybean crops that are better adapted to climate change.
A list of recent quantitative trait locus (QTL) studies related to the adaptabilities toward temperature stresses, water stresses and mineral stresses is shown in Table 2 . Typically, the QTL position is expressed as the genetic distance (cM) between markers. As there has been no available sequence information between markers, the resolutions of the classic genetic markers have been relatively limited (Huang et al., 2009) . The loci thus identified usually span large genomic regions and contain a large number of genes. It may be adequate for marker-assisted breeding, but it is difficult to identify the actual phenotype determinants. Thus this has largely hindered the discovery of key adaptation-related genes.
The rise of next-generation sequencing (NGS) has brought about a revolution in crop studies. First of all, the construction of reference genomes allows for the determination of the physical location of each marker in the genome, and therefore sequence and gene information can also be retrieved. Wholegenome sequencing also provides more potential markers, ranging from simple sequence repeats (SSRs) (Hwang et al., 2009) , individual single nucleotide polymorphisms (SNPs) (Kim et al., 2010; Lam et al., 2010; Chung et al., 2014; Zhou et al., 2015) , bin markers (Qi et al., 2014a) , insertion/deletion (INDEL) markers (Song et al., 2015b) , specific-locus amplified fragment (SLAF) markers , and so on. As a result, the mapping resolution has been largely improved due to the increase in marker density (Huang et al., 2009) . At the same time, technology-intensive genotypingby-sequencing (GBS) has also greatly reduced labor time compared to the traditional PCR-based genotyping methods (Huang et al., 2009) . Furthermore, compared to hybridization-based SNP genotyping methods, sequencing-based methods also allow for the detection of new variants specific to the population being tested. This illuminates the unique features of the population of interest, which can then be utilized in the future. All these NGS features have shortened the time required and greatly improved precision in identification of key genes for crop improvement. To date, there are a number of sequencing-based QTL analyses of soybean (Xu et al., 2013b; Bastien et al., 2014; Li et al., 2014a; Qi et al., 2014a; Zhang et al., 2016) . Only a limited number of them are related to soybean adaptability and thus useful for developing cultivated soybean that is adaptive to climate change, but they have set good examples for future adaptation studies. For example, a sequencing-based QTL mapping of soybean was done to map the salt tolerance locus in wild soybean (Qi et al., 2014a) . The locus was mapped to a 978-kb region on chromosome 3 in wild soybean accession W05, using 2757 bin markers (Qi et al., 2014a) . By saturating the region with SNP markers identified based on re-sequencing information (Lam et al., 2010) , the region was further narrowed to a 388-kb region, which is the narrowest region ever to be reported for this trait at that time. By adopting and analysing the re-sequencing consensus from a previous study (Lam et al., 2010) , a monovalent cation/proton antiporter gene GmCHX1 was found to be the common link among different salt-tolerant soybean accessions. As further confirmation of this gene's role, its ectopic expression in the roots of a salt-sensitive soybean accession can alleviate salt stress as well (Qi et al., 2014a) . This finding has been confirmed by other (Guan et al., 2014; Patil et al., 2016) , supporting the effectiveness of the sequencing-based study. Furthermore, Kompetitive Allele-Specific Polymerase Chain Reaction (KASP) assays for detecting salt tolerance alleles were designed based on the subsequent whole-genome sequencing analysis of 106 soybean accessions (Patil et al., 2016) . The highly precise assay can then help breed salt-tolerant varieties of high economic value. The identification of key salt tolerance genes from soybean has set a good example demonstrating how an integrated genomic approach can be used to identify important adaptation-related genes. Secondly, by improving soybean with these stress tolerance determinants, it allows the crop to be cultivated on barren lands, thus compensating for the loss of arable land due to climate change. The current overall cost for NGS is still rather high. Hence, more cost-effective improved protocols and alternatives are needed. A new genotyping-by-sequencing (GBS) method called specific-locus amplified fragment sequencing (SLAF-seq) was determined to be cost-effective in genotyping soybean with an even better distribution and coverage of markers than the previously used GBS methods (Sun et al., 2013; Qi et al., 2014b) . It was used in a low-phosphate stress QTL study on soybean . In this study, 6159 SLAF markers were used to generate the genetic map and 85 low-phosphate stress-related QTLs were identified . There was a 5-fold increase in resolution in the mapping of a phosphorus-efficiency QTL on chromosome 8, compared to a previous study using the same genetic population and only 306 markers .
SLAF-seq, whole-genome resequencing and GBS using reduced-representation sequencing and restriction site-associated sequencing (RAD-seq) normally require relatively high sequencing data throughput for the identification of high-confidence SNPs. The SNPs discovered by these methods are not evenly distributed throughout the genome. By resequencing the two parental soybean lines, it was discovered that nearly 90% of the SNPs were clustered in less than 5% of the genome (Li et al., 2014c) . As a result, the authors suggested that 384 selected markers were good enough to genotype the 254 F8 recombinant inbred lines (Li et al., 2014c) . The map thus constructed was 2594 cM in length and the average distance between markers was 5.58 cM (Li et al., 2014c) . Although the distance between markers may not be good enough for fine mapping, this study provided a low-cost alternative for soybean population genotyping.
Microarray technology is another option. Through the reduced-representation sequencing of six cultivated and two wild soybean accessions, a high-density array (SoySNP50K) was produced for soybean genotyping (Song et al., 2013a (Song et al., , 2015a . Basically, SNPs were selected so that they were evenly distributed on the reference genome. On average, there were ~111 and 20 SNPs/Mb in euchromatic and heterochromatic regions, respectively (Song et al., 2013a) . Over 80% of the 52 041 SNPs on the array pool were found to be polymorphic among 20 000 cultivated and wild soybean accessions (Song et al., 2015a) , which is sufficient for general genotyping purposes. Nevertheless, compared to GBS, the array could not discover novel SNPs, INDELs and other structural variations among different accessions, and these variations may sometimes provide clues for post-mapping gene identification.
Genome selection
Breeding soybean varieties with high yield potential and high adaptability would be important for ensuring stable food production under climate change. High-throughput sequencing and the accumulation of QTL information would be beneficial for marker-assisted selection (MAS) (Collard and Mackill, 2008; He et al., 2014) especially when soybean has a high linkage disequilibrium (Lam et al., 2010) . Nevertheless, markerassisted breeding only favors the stacking of traits controlled by a single locus or by just a few dominant loci, such as in the case of salt tolerance in soybean (Qi et al., 2014a; Patil et al., 2016) . Unfortunately, traits related to climate change adaptations such as drought tolerance, heat tolerance, cold resistance and nutrient deficiency responses, are usually controlled by multiple small-effect loci. The stacking of traits using MAS could therefore be challenging when yield potential and seed quality are also important considerations. Genomic or genome-wide selection (GS), on the other hand, evaluates the genomic estimated breeding values (GEBVs) based on statistical models that fit together the genotypic and phenotypic data of the training population (reviewed in Nakaya and Isobe, 2012) . Thus as long as the trait data have been fitted into the statistical models, their potential can be evaluated in the selection population by selecting individuals or lines in the breeding populations showing high GEBVs. The accuracy of GEBVs varies among plant studies, but it normally achieves a correlation coefficient of over 0.4 with the actual phenotypic values (Nakaya and Isobe, 2012) . Although GS studies on soybean lag far behind those on other crops such as maize, barley and wheat, they have been used for studying grain yield (Jarquin et al., 2014) , seed weight (Shu et al., 2013) and soybean cyst nematode resistance (Bao et al., 2014) . These successful cases further demonstrate the potential of using GS for breeding soybean varieties that are more adaptive to climate change.
Functional genomics
Climate change-related stresses, such as temperature (heat/ cold), water (flooding/drought) and nutritional stresses, could trigger complex responses in plants. A series of transcriptional, translational and post-translational adaptations are employed by plants to cope with these stresses. Instead of studying the effects of a single gene or locus, transcriptomics, proteomics and their derivatives have become popular strategies for identifying gene functions, pathways or systems that are enriched or overrepresented under these stresses. In some occasions, key genes involved in the stress responses can also be identified.
Transcriptomics
Transcriptomics nowadays not only facilitates the analyses of global gene expressions, but sequencing-based transcriptomics (RNA-seq) also allows the discovery of transcript sequence variants, alternatively spliced transcripts, coding and non-coding RNAs and RNA-editing events under different environmental or treatment conditions. An informative RNA-seq also helps in gene prediction and modelling in the genome annotation pipeline (Thibaud-Nissen et al., 2013) . In turn, improved genome annotation could facilitate transcriptomic and proteomic studies. RNA-seq based on NGS generates short reads that require mapping and/or assembly. Some of the information such as alternative splicing and end sequences of the transcripts may be lost during the data manipulation. As a result, single-molecule sequencing has been developed to generate reads up to 20 kb in length (Pan et al., 2008) , largely improving the detection of full-length transcripts, though the throughput for cost-effective quantification still needs to be improved.
The tissue-specific expressions of soybean transcripts Severin et al., 2010) can be found in publicly available databases such as Phytozome (Goodstein et al., 2012) and eFP Browser (Winter et al., 2007) .
Taking carbon fertilization as an example, in a laboratory experiment, an increase in the CO 2 level from 380 to 550 µmol mol -1 dry air could increase soybean photosynthesis by ~20% and hence increase the soluble sugar and starch contents by more than 40% and 80%, respectively, without any increase in the number of transcripts of photosynthesis-related genes (Leakey et al., 2009) . On the other hand, two studies consistently found that the genes related to starch metabolism, sugar transportation, respiration, glycolysis and the tricarboxylic acid cycle were up-regulated by carbon fertilization (Ainsworth et al., 2006; Leakey et al., 2009) . Such observations led to the conclusion that the changes in transcription lead to quicker assimilation of photosynthetic products, followed by faster transportation of carbohydrates across cellular compartments and their subsequent break-down for growth and development. Hence, a higher rate of biomass accumulation is achieved. Therefore, manipulating the photosynthetic reaction at the transcriptional level may not be an effective way to increase yield in response to climate change. Instead, directing the photoassimilates to an effective sink could make better use of the carbon fertilization in crop improvement.
Proteomics
Proteome dynamics are not only determined by the transcript levels, but are also regulated post-transcriptionally and posttranslationally. As proteins can have different isoforms, posttranslational modifications and subcellular localizations, a proteome is more complex than a transcriptome. Therefore, studying proteomes could provide a deeper understanding of plant stress responses. Nevertheless, the robustness of quantitative proteomics is still limited by the extraction and separation methods, protein compositions, digestive enzymes used and the sensitivity and throughput capacity of mass spectrometry. The study of plant proteomes is also challenged by the presence of large quantities of secondary metabolites and rubisco protein. Therefore, specific protocols for extracting and handling soybean leaf and root protein samples were developed (Mesquita et al., 2012; Rodrigues et al., 2012) . Gel-based and quantitative approaches and state-of-the-art mass spectrometry analyses have been summarized in several reviews (Aebersold and Mann, 2003; Bantscheff et al., 2012; Dreger, 2003; Larance and Lomond, 2015; Vadivel, 2015) . Although liquid chromatography-tandem mass spectrometry (LC-MS/MS) can identify more proteins, gel-based analyses still cannot be completely replaced under certain circumstances (Komatsu et al., 2009; Nouri and Komatsu, 2010) .
The completion of the soybean reference genome also brought about a revolution in proteomic studies. One study compared the proteins identified by searching the NCBI database or the soybean genome sequence using the same set of LC-MS/MS data generated from the plasma membrane proteome of flooding-treated soybean (Komatsu et al., 2009) . The search using the NCBI database identified 74 proteins while that using the soybean genome identified 124 proteins including 61 of the proteins from the NCBI search (Komatsu et al., 2009) . This shows that a well assembled and annotated genome is important for protein identification in proteomic analyses. In turn, similar to RNA-seq, proteomics studies can provide important information for genome annotation (ThibaudNissen et al., 2013) , leading to better proteomics studies in the future. In the same study as previously mentioned, in addition to the eight upregulated proteins identified by nano LC-MS/ MS, the expressions of yet 12 other proteins were found to be up-regulated and two down-regulated, using two-dimensional polyacrylamide gel electrophoresis followed by mass spectrometry (2-DE-MS) (Komatsu et al., 2009) . This confirms that LC-MS still cannot completely replace 2-DE-MS in protein identification. Six of the up-regulated and all of the downregulated proteins were of unknown functions. Some of the remaining proteins are mainly involved in well-known flooding responses including signal transduction, reactive oxygen species (ROS) scavenging, protein folding and cell wall reinforcement.
Post-translational modifications (PTM) alter protein folding, protein-protein interactions, enzyme activities and protein stability. Enrichment methods for phosphoproteome, acetylome, ubiquitinome, glycoproteome (Mertins et al., 2013; Olsen and Mann, 2013) and redox proteome (Go and Jones, 2013) are available.
An interesting observation is that GAPDH was found to be subjected to glycosylation, phosphorylation and redox modification under different stresses in three previous studies (Galant et al., 2012; Mustafa and Komatsu, 2014; Pi et al., 2016) . In general, GAPDH catalyses the conversion of glyceraldehyde 3-phosphate and glycerate into 1,3-bisphosphate in glycolysis. Nonetheless, more and more evidence supports GAPDH playing non-catalytic roles in plants upon stress-induced posttranslational modification (Zaffagnini et al., 2013) , making GAPDH an important hub for stress-related responses.
Epigenomics: DNA methylation and histone modifications
Epigenomics refers to the study of the genomic-wide reversible modifications of DNA or histones. Such modifications regulate gene expressions and lead to changes in the cellular performance and phenotypes of the organism. The epigenome is dynamic -it changes according to different developmental stages and environmental influences. Evidence suggests that plants can retain the epigenetic changes from a previous wave of stress and can thereby trigger a rapid transcriptomic response upon the next wave of stress (Kinoshita and Seki, 2014) , thus increasing fitness and adaptabilities. Some stressinduced epigenomic modifications were believed to be inheritable though it is still controversial (Schmitz et al., 2013; Tricker, 2015) . Epigenomics is such a relatively new topic in soybean genomic research that there are only a limited number of publications on this topic (Schmitz et al., 2013; Song et al., 2013b; Kim et al., 2015) .
An immunofluorescence study found that heterochromatin DNA methylation increased upon chilling stress but decreased after recovery (Stepinski, 2012) . In the same study, the immunofluorescence signal from the dimethylation of Lysine 9 of Histone 3 (H3K9me2) was strongest under chilling stress and it was at its weakest upon recovery (Stepinski, 2012) . On the contrary, the signals for H3K4me3, H4K12 acetylation (H4K12ac) and H3K9ac were reduced upon chilling but increased after recovery (Stepinski, 2012) . Although these observations did not directly link histone modifications to chilling stress responses in soybean, they implicated that DNA methylation could play a role in regulating gene expressions under chilling stress.
Forty-five out of 1335 soybean transcription factors (TFs) were found to be significantly induced upon salt stress (Song et al., 2012) . Among these 45 TFs, the promoters of Glyma11g02400 (GmMYB), Glyma08g41450 (Gmb-ZIP), Glyma16g27950 (GmAP2/DREB) and Glyma20g30840 (GmAP2/DREB) were differentially methylated and enriched with different histone modifications upon salt stress (Song et al., 2012) . Specifically, the expressions of Glyma11g02400, Glyma16g27950 and Glyma20g30840 were negatively correlated with their DNA methylation levels. On the other hand, the expressions of Glyma11g02400, Glyma20g30840 and Glyma08g41450 were negatively correlated with the levels of H3K9me2 and positively correlated with those of H3K4me3, while the expression of Glyma16g27950 was only negatively correlated with DNA methylation (Song et al., 2012) . The expressions of Glyma20g30840 and Glyma08g41450 were also positively correlated with H3K9ac (Song et al., 2012) .
The above examples illustrate that the epigenome plays vital roles in stress adaptation. To improve the fitness of soybean under stresses due to climate change, manipulating the epigenome through genetic engineering may be one solution. Alternatively, pre-treating plants with mild stresses or chemicals to trigger epigenomic changes prior to the predicted severe stresses could theoretically be a way to prepare the plant for the bigger challenge.
Epigenomics: non-coding RNA Small non-coding RNAs have played vital roles in cellular functions including stress responses (Guleria et al., 2011) . Thus far, small RNAs in plants have been found to regulate RNA degradation, translation, DNA methylation and histone modifications (reviewed in Guleria et al., 2011) . The classification and biogenesis of small non-coding RNA in plants have been intensively reviewed (Guleria et al., 2011; Borges and Martienssen, 2015) . Published miRNA sequences and annotations, including those from soybean, can be found in miRBase (Griffiths-Jones et al., 2008) . Currently, it contains the sequences of 573 miRNA precursors and 639 mature miRNAs of Glycine max and 13 miRNA precursors and 13 mature miRNAs of Glycine soja (Release 21, retrieved May 2016) . A functional network of soybean miRNAs was built based on the information retrieved from miRBase (Xu et al., 2014a) and is available online (Xu et al., 2014b) .
NGS has also sped up the identification of stress-or adaptation-related small RNAs in soybean. Current studies have focused on tissue-specific miRNAs in the soybean plant , small RNAs in root nodules (Turner et al., 2012) , stress-and disease-related miRNAs (Kulcheski et al., 2011) , phasiRNAs (Arikit et al., 2014) and aluminum-induced miRNAs from wild soybean (Zeng et al., 2012) . Furthermore, parallel analyses of RNA ends (PARE) sequencing has also been used for identifying miRNA cleavage sites on mRNA targets during seed development (Shamimuzzaman and Vodkin, 2012) .
The levels of miRNAs that target multiple stress-related TFs were found to be significantly correlated with chilling stress in soybean root nodules (Zhang et al., 2014) . Such a discovery supports the idea that miRNAs play important roles in stress adaptations by indirectly modulating the expressions of a bundle of genes, through targeting TFs. On the other hand, a miRNAome of the soybean root apex identified miRNAs that responded to both salt stress and exogenous auxin treatments (Sun et al., 2016) , implying that miRNAs from soybean also mediate the cross-talk between hormonal pathways and stress responses. Furthermore, the ectopic expression of one of the salt-and auxin-responsive miRNA, miR399a in soybean hair roots, reduced root growth by 40% under salt treatment (Sun et al., 2016) . This demonstrated that the manipulation of miRNAs could bring about huge effects on soybean adaptation.
Long non-coding RNAs (lncRNAs) are another class of non-coding transcripts, which are normally longer than 200 nt. Although RNA sequencing has sped up the pace of lncRNA research, thus far, the functions and working mechanisms of these non-coding RNAs are still largely unclear. More than 13 000 lncRNAs were identified, out of a total of 103 106 that expressed transcripts in the developing soybean embryo (Aghamirzaie et al., 2015) . Over 70% of them were transcribed from protein-encoding gene regions and have expression levels lower than those of the proteincoding transcripts (Aghamirzaie et al., 2015) . The remaining lncRNAs were long inter-genic non-coding RNAs and non-coding antisense transcripts. Little has been done to study the lncRNAs in soybean, but the high proportion of lncRNAs in the transcriptome may infer their importance. As more and more soybean transcriptome analyses are being published, more adaptation-related lncRNAs will be identified.
Genome editing
Since soybean is directly consumed by humans, the public concern over food and environmental safety should be taken into account seriously. Genome editing, whether using the zinc finger nuclease (ZFN), transcription activator-like effector-based nucleases (TALEN) or the clustered regulatory interspaced short palindromic repeat (CRISPR)/cas9, is still one of the more acceptable ways to manipulate crop genomes for improving their adaptabilities (Curtin et al., 2011; Chen and Gao, 2014; Du et al., 2016) . A 'DNA-free' protocol has also been developed to ease the public concern (Woo et al., 2015) . These systems generate cleavage sites on desired genomic regions. Non-homologous end-joining of the cleavage sites by the endogenous DNA repairing machinery creates an insertion or a deletion and thus leads to a mutation in the target genome. Furthermore, replacement of the target sequence with a homologous sequence can also be achieved through homology-directed DNA repairs. The advantage of genome editing over traditional transgenic plants is that genome editing practically leaves no trace of foreign DNA in the edited genome.
Among these three methods, CRISPR/cas9 is considered the best, the main reason being that single-guide RNAs (sgRNAs), consisting of the transacting CRISPR RNA (tracRNA) and the CRISPR RNA (crRNA), are used for sequence targeting in the CRISPR/cas9 system instead of DNA-binding proteins (Gaj et al., 2013) . SgRNAs are easier to design compared to DNA-binding proteins and can target the desired genomic regions with high precision. The CRISPR/cas9 system is well established in mammalian research, but more efforts have to be made to improve its accuracy and efficiency in plants, especially in soybean. Based on the whole-genome sequence information, bioinformatic tools are now available for designing sgRNAs with off-target predictions (Brazelton et al., 2015) , making this technology more accessible to researchers. Web-based tools tailored for identifying CRISPR targets in the soybean genome are also available (Michno et al., 2015) .
Great efforts have been made to optimize the CRISPR system. RNA polymerase III U6 promoters are usually used to drive the expression of the sgRNAs. It has been discovered that driving the sgRNA by the native soybean U6 promoter can bring about better mutation efficiency. Compared to the Arabidopsis U6-26 promoter, the soybean U6-10 promoter can increase the mutation efficiency from 3.2-9.7% to 14.7-20.2% (Sun et al., 2015) . In another study, the mutation rate of the target is 43.4-48.1% using the soybean U6-16g-1 (GmU6-16g-1) promoter-driven sgRNA, compared to 11.7-18.1% using the AtU6-26 promoter-driven sgRNA . On the other hand, a report also suggested that the use of meristemic or germline-specific promotors can increase the inheritability of the mutation (Osakabe et al., 2016) . Furthermore, there is a synthetic cas9 gene (GmCas9) that is optimized for soybean based on the soybean preferred codon usage to increase the expression efficiency and thus the genome editing rate (Michno et al., 2015) .
Off-target mutations are occasionally detected when using the CRISPR/cas9 system, making it a serious concern especially when the soybean genome contains many highly similar duplicated genes Sun et al., 2015) . To test the efficacy of new CRISPR constructs, one may transform these constructs into protoplasts (single cells) or soybean hairy roots (multicellular organs) to assess the mutation rate and off-target rate before making whole-plant transgenics. To date, since CRISPR/cas9 is a relatively new technology in the field of soybean research, for which there are only a handful of published reports (Cai et al., 2015; Jacobs et al., 2015; Michno et al., 2015; Sun et al., 2015; Du et al., 2016) . Overall, there has been little focus on adaptations. To improve soybean adaptations toward climate change, researchers will have to focus on mutating and knocking down the stress-sensitive genes or replacing the non-functional/sensitive allele in an elite germplasm with a functional/tolerant one from a non-commercial germplasm.
Conclusion and perspectives
Current genomic studies have the potential to identify candidate loci or genes for soybean improvement, a number of which have been identified through curation, mapping and studies on differential transcription, translation and posttranslational modifications. Stress-related gene candidates can be used in soybean improvement for adapting to climatic changes. Nevertheless, most of the soybean genomic studies remain at the gene discovery stage. Candidate genomic loci are waiting for fine mapping and causal gene identification. Thousands of gene candidates from genomic studies have not been functionally tested. Efforts have to be made to fill these gaps which are essential for strategic breeding programs including gene stacking and field application.
Current studies are usually focused on the effects of short periods of stress treatment (lasting from hours to less than a month) at the seedling stages of soybean. However, the effects of climate change are life-long and can persist for generations. Therefore, more intensive studies should be carried out by comparing the adaptability of soybean at different stages of development. Furthermore, the study of inheritable epigenetic imprints will also be useful for understanding how plants inherit acquired adaptations from previous generations.
Although climate change brings about various stresses to crops and hence hampers crop production, it has also created new opportunities for agriculture. Crop production is predicted to move away from the equator as a result of warming climate. High-latitude regions, which were previously not suitable for crop production due to low average annual temperatures, will soon have annual accumulated temperatures high enough for crop growth (Long and Ort, 2010) . Nonetheless, other factors such as day length, soil fertility and water availability in these regions are normally suboptimal for plant growth. Consequently, only early-mature soybean varieties are suitable for cultivation in high-latitude regions. In addition to improving the adaptability of crops against stresses on current arable lands, research should also be conducted to enhance the adaptability of soybean in these high-latitude regions.
